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Abstract 
In this paper a rector model is presented for a SE-SMR reactor. The reactor model comprises simplified 
mathematical representation of the flow regime, differential equations for mass and heat transfer, sub-model for 
chemical reaction kinetics and absorption equilibria. The model was used to investigate various operational modes 
for the reformer as well as for comparison of the reformer performance with use of various sorbents (Li4SO4,
Na2ZrO3, CaO). A semi-empirical model for apparent reaction kinetics of dolomite was developed based on thermo-
gravimetrical analysis whereas the reaction kinetics for the other types of sorbents was taken from literature. 
Keywords: Sorption enhanced steam methane reforming, CO2 capture, reactor modeling 
1. Introduction 
Steam-methane reforming (SMR) is a major technology for production of hydrogen that has been used industrially 
since beginning of 1930’s. Sorption enhanced steam-methane reforming (SE-SMR) is a combination of the SMR 
process and sorption of CO2 in one step and as such represents an alternative CO2 capture concept. The removal of 
CO2 shifts the thermodynamic equilibrium towards higher conversions of CH4 and thereby higher yield of H2.
Moreover, pure CO2 can be obtained from this process by regeneration of the sorbent. In addition, the SE-SMR 
process can be run at lower temperatures than the traditional SMR-process, which will reduce energy consumption, 
coking and sintering of the catalyst, and investment cost (e.g. reduction of heat exchangers). Typical reforming 
temperatures for SMR are 800-850°C, while temperatures around 600°C are sufficient for SE-SMR processes. 
Sorption enhanced reforming has been studied in both fixed bed reactors and fluidized bed reactors. The SE-SMR 
process on an industrial scale will most likely be carried out in a circulating fluidized bed reactor as continuous 
* Corresponding author. Tel.: +47-735-93869; fax: +47-735-92889. 
E-mail address: jana.p.jakobsen@sintef.no. 
c© 2009 Elsevier Ltd.
i 1 (20 9) 725 732
www.elsevier.com/l cate/procedia
doi:10.1016/j.egypro.2009.01.096
Open access under CC BY-NC-ND license.
2 Jakobsen, Halmøy / Energy Procedia 00 (2008) 000–000 
regeneration of the sorbent is required. The regenerator is usually a fluidized bed operating in the bubbling regime. 
The reformer can either be a bubbling bed or a riser reactor operating in the fast fluidization regime. 
Several sorbents can be used in the SE-SMR process. A number of criteria should be fulfilled when evaluating 
potential sorbents, such as high reaction rate, stability (reversible CO2 uptake/release, long term multi-cycle use), 
high sorption capacity, availability and low price. Sorbents can be divided into natural and synthetic sorbents. 
Examples of natural sorbents are limestone and dolomite; calcium based sorbents available world wide at low cost. 
The main problem associated with this type of sorbents is the rapid decay in capacity upon multiple re-carbonation. 
Synthetic sorbents (e.g. Li2ZrO3, Li4SiO4, Na2ZrO3) are more resistant to numerous carbonation-calcination cycles, 
but seem to be restricted by the reaction rate and cost [1]. 
In this paper a rector model is presented for a SE-SM reformer. The reactor model comprises simplified 
mathematical representation of the flow regime, differential equations for mass and heat transfer, sub-model for 
chemical reaction kinetics and absorption equilibria. The model was used to investigate various operational modes 
for the reformer as well as for comparison of the reformer performance with use of various sorbents (Li4SO4,
Na2ZrO3, CaO). A model for apparent reaction kinetics of dolomite was proposed based on thermo-gravimetrical 
analysis whereas the reaction kinetics for the other types of sorbents was taken from literature.  
2. Reaction kinetics 
2.1. Reforming reaction kinetics 
The three main reforming reactions are: 
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Reactions (a) and (b) are strongly endothermic, and the forward reaction is favored by high temperatures and low 
pressure, while the water-gas shift (WGS) reaction (c) is moderately exothermic and is favored by low temperatures 
and has no pressure dependence [2]. The detailed reaction kinetic model for the three main reactions for steam-
methane reforming can be found in  Xu & Froment, 1989, [3]. 
2.2. Sorption kinetics of dolomite 
Dolomite (CaCO3× MgCO3) is a natural sorbent which has been widely studied because of its potential use for high 
temperature CO2 capture and for sorption enhanced steam-methane reforming. When calcined, dolomite is 
decomposed to calcium and magnesium oxides (CaO×MgO), and CO2 is captured by carbonation of this product.  
CaO + CO2ļ CaCO3 'H298 = í178 kJ/mol   (2) 
As a typical gas-solid reaction producing a solid product, the CaO-CO2 reaction is initially fast, followed by a much 
slower stage [4]. The first stage corresponds to the kinetic controlled region and involves a rapid, heterogeneous 
chemical reaction. In the second stage, the reaction becomes slow because of the formation of a layer of CaCO3
which prevents the exposure of unreacted CaO in the particle core to CO2 for further carbonation. The kinetics of the 
second regime is governed by the diffusion of ions through the CaCO3 product layer [5]. 
Conversion of dolomite was studied by thermogravimetric analysis (TGA), which consists of measuring the weight 
of change of solids placed in a gaseous environment at the temperature under study, for a given length of time [1]. 
Conversion was measured for the Seljeli dolomite at four different temperatures (500, 550, 600 and 650°C) for 
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partial pressures of CO2 equal to 0.05, 0.10 and 0.15atm. The experiments were performed by Egil Bakken at 
SINTEF Material and Chemistry. 
Many models and techniques for non-catalytic gas-solid reactions can be found in the literature [6] [2] [7]. In this 
work a semi-empirical model of the type given in equation (3) was employed to describe the conversion of Seljeli 
dolomite.  
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With m=1, the parameters k0, Ea and n were determined by employing the procedure used by Sun et al. in [4]. This 
procedure resulted in the following values: k0 = 9.85.10-5 mol/m2s, Ea= 13970 J/mol, and n = 0.447. Further, the 
effect of changing the values of m and n was investigated. By comparing the experimental data for dolomite 
conversion with different empirical expressions for conversion, it was found that the agreement between prediction 
and experimental data was best with k0 = 9.85.10-5 mol/m2s, m = 4 – 4.2 and n = 0.4 – 0.45. In Figure 1 the results 
for m = 4 and n= 0.447 are shown. 
Figure 1: Conversion model vs. experimental data for values of m = 4 and n=0.447 , PCO2 = 0.05 atm. 
3. Reformer modeling 
3.1. Reformer as a riser reactor – comparison of different sorbents 
Simulations of riser reactor with lithium orthosilicate (Li4SiO4) and sodium zirconate (Na2ZrO3) as sorbents were 
performed in a previous project [8]. In order to compare the performance of different sorbents, the SE-SMR process 
was simulated in a riser reactor operating in the fast fluidization regime, with the dolomite kinetics found from the 
experimental results (equation (3) with k0 = 9.85.10-5 mol/m2s, Ea = 13970 J/mol, n = 0.4, m = 4.2).  
A simple pseudo-homogeneous plug flow model was applied, with the following assumptions: 
1. Steady-state.
2. One particle with both catalytic and sorption properties. 
3. Plug flow for both gas and solids. 
4. Negligible axial mixing and complete radial mixing. 
5. Constant volume fraction of solids along the height of the riser. 
6. Solids velocity equals gas velocity (us=u).
7. Mass transfer between gas and solids is not rate limiting. 
8. Constant pressure. 
9. The temperature is considered to be constant at 600°C. 
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With the above specified assumptions the model equations became: 
For i = CH4, CO, H2, H2O:
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Considering Ac and C to be constant, (4) can be written as: 
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The base case parameters and initial conditions for the simulations are listed in Table 1. 
Table 1: Base case parameters and initial conditions for the riser model 
Parameter Value 
Riser height, L (m) 6 / 15
Riser temperature (°C) 600
Particle size (Pm) 150
O [m3 sorbent/m3 total solids] 0,873
H [m3 gas/m3 reactor] 0,97
Pressure (bar) 1
Steam-to-carbon ratio (S/C) 4
Usolid (kg/m3)* 2500
Initial conditions Value 
yCH4 0,1974
yH2 0,0029
yH2O 0,7896
yCO 0,0001
yCO2 0,01
u (m/s) 2
X 0
* The particles are considered to have both the property of sorbent and catalyst. Therefore, the apparent density of Uad and Ucat is assumed to be: 
Uad=Ucat=0.5.Us
The results for the simulation without sorbent (at T=800°C and T=600°C) and with three different sorbents (at 
T=600°C) are listed in Table 2. The simulations show that the use of sorbent improves the SE-SMR process, but the 
enhancement varies quite much for the different sorbents. Na2ZrO3 is the most efficient sorbent increasing the 
hydrogen yield by 17.7% when L = 15 m. The increase in temperature from 600°C to 800°C does not have a strong 
influence on the hydrogen yield, which is still low compared to what can be obtained with the use of sorbent. The 
CO2 fraction is lower at the higher temperature because the WGS reaction is defavoured, resulting in a lower 
conversion of CO than at a lower temperature.  
With CaO as sorbent the increase in hydrogen yield is only 4.4%, which indicates that fast fluidization is not the 
appropriate fluidization regime when using CaO. The sorption rate is very slow, which means that a very long 
reactor is required in order to enhance the SMR process significantly. Another fluidization regime, e.g. the bubbling 
regime, may be more suitable because of longer solids residence time and more sorbent in the reactor (lower 
voidage). 
Table 2: Results summary for the simulation of the riser (T=600°C). 
Sorbent L (m) yH2,dry (%) yCO2, dry (%) 
í (800°C) 615
76.5 
76.5 
10.3 
10.3 
í (600°C) 615
73.8 
74.9 
14.8 
14.6 
Li2SiO4
6
15
82.1 
89.5 
8.45 
4.83 
Na2ZrO3
6
15
85.6 
92.6 
6.10 
2.96 
CaO 615
75.5 
79.3 
13.4 
11.5 
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3.2. Reformer as bubbling fluidized bed 
Two different models were developed in order to describe the reformer as a bubbling bed reactor. Both models are 
simple two-phase models, with one gas phase and one solid phase. In one model complete mixing is assumed for the 
solid phase, while in the other model plug flow is assumed. The principle for the two models is illustrated in Figure 
2. These two models differ from the usual bubbling bed models in that the presence of bubbles is ignored. Compared 
to the traditional two-phase models, only the emulsion phase is considered here with the solids and interstitial gas 
regarded as two different phases.  
Figure 2: Illustration of the principle for model 1 and model 2. 
Assumptions that are common for both models: 
1. Steady-state 
2. Plug-flow in gas phase 
3. One particle with both catalytic and sorption properties 
4. Negligible axial mixing and complete radial mixing 
5. Constant pressure (P = 1 bar) 
6. Constant temperature (T = 600°C)
Gas phase equations
The model equations were formulated based on the above assumptions. The gas flows through the bubbling bed in 
plug flow. The gas phase equations are the same for both model 1 and model 2:  
For i = CH4, CO, H2, H2O:
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The adsorption rate can be written in terms of change in time (model 1) or axial position (model 2): 
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Solid phase equations
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Model 1: CSTR - averaged conversion 
In this model, complete mixing is assumed for the solid phase as in a continuous stirred tank reactor (CSTR). It 
means that the degree of conversion is the same for all particles regardless of the position in the reactor and 
considered to be equal to an average value X . For a CSTR model outXX  . The amount of CO2 leaving the gas 
phase must be equal to the amount of CO2 absorbed in the solid phase, i.e. sCOgasCO nn ,2,2   . The molar flow of 
CO2 from the gas phase averaged over the whole bed height, gasCOn ,2 , is calculated from an average sorption rate. 
The rate of CO2 absorption on solids is obtained through a material balance for a CSTR: 
   inoutCaOinoutCaOsCO XX
n
XXnn   
W
,0
,0,2    (9) 
where W is the average solids residence time, i.e. all particles are considered to have the same age in this model. The 
value of Xout is estimated from the average conversion, X , which is an input parameter. In fact X is a function of W
Model 2: Plug flow - variable conversion 
In this model the particles are considered to move through the reformer in plug flow, see Figure 2. The solids 
velocity is determined by the residence time: us = L/W. Plug flow in the solid phase determines the degree of 
conversion of the particles at a given height in the reactor. Co-current flow is considered for this model, and the 
particles are assumed to be fresh at the reactor inlet and growing older toward the outlet. Gas meets particles of a 
certain age varying with the bed height, and not an average particle age as in model 1. This is less likely than the 
previous as mixing is generally good in bubbling beds.  
For the solids, the equation describing the variation in conversion along the height of the riser is: 
dt
dX
udz
dt
dt
dX
dz
dX
s
1   (10) 
The solids velocity is considered to be constant. By combining  (8) and  (10) the sorption rate becomes: 
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The input parameters and initial conditions are listed in Table 3.
Table 3: Input parameters for model simulation 
Parameter Value 
Bed diameter  (m) 0.1
Particle size (Pm) 150
O [m3 sorbent/m3 total solids] 0.5
Temperature (°C) 600
Pressure (bar) 1
Steam-to-carbon ratio (S/C) 4
Mass of sorbent (kg) 2
Initial conditions Value 
yCH4 0.1974
yH2 0.0029
yH2O 0.7896
yCO 0.0001
yCO2 0.01
Xin 0.001
3.3. Model results and discussion 
Simulation of the SE-SMR process was carried out with both models for different gas velocities. The results are 
summarized for W = 50s in Table 4. The voidage does not change much as the gas velocity increases from 0.05 m/s 
to 1.0 m/s, and the difference in bed height is only 2 cm. The exit hydrogen concentration is very high. Figure 3 
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shows the concentration profile for the different gas components. Plug flow reactors and continuous stirred tank 
reactors are ideal reactors which overestimate reactor performance, leading to a higher hydrogen yield. 
Nevertheless, Johnsen [11] found a dry hydrogen concentration of §98% experimentally for a bubbling bed reactor 
which shows that the model results are reasonable. 
Table 4: Results of the bubbling bed simulation, W= 50 s. 
u (m/s) 0.05 0.10 0.30 0.50 0.70 1.0 
H 0.400 0.394 0.383 0.380 0.379 0.381 
Bed height, L (m) 0.679 0.672 0.660 0.657 0.657 0.659 
yH2,dry (%) Model 1 98.7 99.9 99,1 99.3 98.6 98.7 
yH2,dry (%) Model 2 99.8 99.2 99.5 98.8 98.6 98.6 
Figure 3: Molar fraction profiles for different gas velocities, W = 50 s. Figure 4: Exit conversion as a function of solids residence time 
The residence time of the particles is determining for the degree of conversion, which in turn affects the sorption 
rate of CO2. The influence of the solids residence time was studied for both model 1 and model 2. As previously 
mentioned, the gas velocity and the solids residence time are related, but experimental data are needed to determine 
the correct relation. As can be seen from Figure 4 the conversion increases with both solids residence time and gas 
velocity. At low gas velocity and low solids residence time, the throughput of sorbent in the reactor is sufficient for 
the conversion to remain low as new feed gas arrives and CO2 is produced. Higher gas velocities mean a higher 
throughput of gas and even more CO2 to be absorbed. This leads to a higher conversion.  
4. Conclusions 
Sorption-enhanced steam methane reforming has been studied in a fluidized bed with dolomite as sorbent. The 
sorbent considered for the process was Seljeli dolomite. Two reactor configurations were investigated for the 
reformer: a riser reactor operating in the fast fluidization regime and a bubbling bed reactor. Due to the different 
morphology of different calcium-based sorbents, rate equations for one sorbent cannot be applied for another. 
Therefore were the kinetic parameters necessary in the rate equation estimated from experimental data for Seljeli 
dolomite. A semi-empirical model taking into account the ultimate conversion was proposed to describe the 
conversion of dolomite. The agreement between the model and the experimental data was satisfactory. 
The rate equation established for dolomite was implemented in a model of a riser reactor operating in the fast 
fluidization regime. It was found that the addition of dolomite has a rather small effect on the enhancement of the 
SMR process, with a hydrogen yield of 79.3% for a riser length of 15 m. The residence time of the particles in the 
riser reactor is too short for Seljeli dolomite in order to influence the reaction equilibrium significantly.  
Simulations of the reformer as a bubbling bed reactor showed that bubbling fluidization is much more suitable flow 
regime than the fast fluidization. Carrying out the reforming in bubbling bed resulted in hydrogen yields up to 
99.9% depending on the gas velocity and solids residence time. It is important to emphasize that the results need to 
be considered with moderation. The bubbling bed models used were ideal reactor models (CSTR and plug flow) 
which over-predict reactor performance. It cannot be expected to find such high hydrogen yields experimentally. 
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Nevertheless, the enhancement compared to the riser reactor is significant. Thus, it is very likely that the bubbling 
bed reactor is the best configuration of the two when using dolomite as a sorbent.  
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Symbol Description Unit
Ar cross-sectional area of the reactor m2
Ci concentration of component i mol/m3
Ea activation energy J/mol 
Fi molar flow rate of component i in the riser  mol/s 
k reaction rate constant mol/m2s
Mi molar mass of component i g/mol 
m0,CaO mass of sorbent in the reactor kg 
n0, CaO initial number of moles of sorbent mol 
2COn molar flow of CO2 mol/s 
P pressure Pa
PCO2, eq partial pressure of CO2 at equilibrium Pa 
ri overall reaction rate component i kmol/(kgcat s)
rads CO2 sorption rate mol/m3s
R ideal gas constant J/(mol K) 
S specific surface area of sorbent m2/g
t time s
T temperature K
u superficial gas velocity m/s 
us solids velocity m/s 
Vbb bubbling bed volume m3
X conversion of CaO - 
Xu ultimate conversion - 
Xin, out conversion of CaO at reactor inlet, outlet - 
X  average conversion - 
yi molar fraction of component i - 
yi,dry dry molar fraction of component i - 
z vertical coordinate m 
'H heat of reaction J/mol 
H voidage -
O volumetric fraction of sorbent  m3 sorbent/m3 solids
Uads, Ucat density of sorbent and catalyst, respectively  kg/m3
W solids residence time s 
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